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ABSTRACT :

Results of a limited experimental study of atmospheric absorption in moist air at low
frequencies are reported. The measurements were carried out in a resonance absorption

tube at ratios of frequency to pressure of 4.6 to 403 Hz/atm, This extends the f/P

range of laboratory measurements of absorption in air well below limits of previously
published data in air of about 140 Hz/atm. The experimental apparatus was calibrated,
using argon, over the same f/P range. The measured and predicted absorption in

air and in argon generally agreed with existing theoretical models, although substantial

deviations remain to be explained.
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¥s INTRODUCTION

This research program has been carried out to investigate the absorption in
moist air and its constituent gases at low frequencies with the use of a resonance tube
apparatus. The apparatus is shown schematically in Figure 1. It consists primarily of
a 1 meter right circular cylinder capable of containing gases to 100 atm and associated
gas-handling and electroacoustic instrumentation. This enables measurements to be
made of acoustic (volume) absorption of gases by a resonance decay method. The
apparatus and test procedure have been described in detail in an earlier publicarion.'
The design of the apparatus was based on a similar system used by Roessler2 while the
experimental techniques were patterned after the studies by Edmonds and Lc:mb3 and

Fritsche 4 and the pressure scaling concepts outlined in Appendix A.

The initial study, using this apparatus, reported in Reference 1, indicated that
the device performed as expected in that measured and predicted surface losses agreed
within 1 or 2 percent. However, practical difficulties in repeated operation of the
apparatus, as initially constructed, required further modifications before additional
tests could be made. While all of the initial objectives of the program were not
achieved due to the difficulties encountered resulting from these unexpected changes
in the apparatus, unique data were obtained on volume absorption in relatively dry air
at low frequencies (4.6 to 403 Hz per atm) with the modified apparatus. These results,
briefly summarized in the remainder of this report, are applicable to studies of sound
propagation from low frequency sources such as gunfire, rockets, or various natural

phenomena (i.e., thunderstorms).
2. RESULTS

During the initial phase of the current reporting period (July 1975 to June 1976),
the resonance apparatus was moved into a remotely-located mobile laboratory to mini-
mize hazards with high=pressure operation and to achieve a low electrical noise back-
ground. In addition, three major modifications were made to improve the mechanical

operation of the experimental apparatus and increase the quality of the measurements.
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Figure 1. Schematic Diagram of Resonance Tube Apparatus
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First, the manual jackscrew-operated sealing mechanism for the high-pressure
test chamberl was replaced by a hydraulically-operated system. A preset hydraulic
pressure could be applied to the sealing piston to ensure a positive seal. Secondly,
the tubing size of the humidity circulating system was changed from 1/4 inch (.635 cm)
to 1/2 inch (1.27 cm). The flow rate of the gas was therefore increased by approxi-
mately four times. This higher flow rate shorted the length of time required to stabilize
the humidity content throughout the system and insured a uniform humidity content
throughout. Finally, for the convenience of gaining access to the tube interior for any
purpose such as replacing the acoustic transducers, a built=in dolly assembly was
installed beneath the center test chamber enabling a quick disengagement of the heavy
test chamber (~ 600 Ibs) from the rest of the apparatus. Except for the above modi-
fications, the apparatus, instrumentation, and measurement techniques applied were

essentially the same as previously reporfed.]

The resonance tube was calibrated with a research grade dry argon gas for four
different pressures (1, 9.5, 50.66, and 98.82 atm). The argon gas contained less
than 20 parts per million of contaminants according to the supplier's certification.
Data in research grade air were obtained under the conditions of frequency and pressure
which were expected to yield maximum molecular absorption of oxygen. The air, prior
to uddition of moisture was a high purity research grade mixture obtained commercially
and consisted of 20.95 percent oxygen, 79.02 percent nitrogen, and 0.03 percent
carbon dioxide. The conditions employed for the eight tests conducted are summarized

in the following table. .

Data reduction consisted of measuring the total (surface plus volume) absorption
losses in terms of the decay or reverberation time. The latter measurement was actually
carried out by automatic linear curve fitting, applied with a minicomputer, to recorded
samples of the decay time histories. This total absorption loss was then corrected for

wall losses according to the procedures in References 2 to 4. The latter consist of:
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® Thermal and viscous boundary layer losses at the cylindrical wall

and end surfaces (vary directly as (frequency/| pressure)]/ 2 and as

a function of viscosity).

® Direct mechanical radiation losses through the cylindrical wall (vary

directly as pressure, independent of frequency).

Table 1

Experimental Conditions

Humidity
Pressure Percent Mole Temperature f/p Range |
Gas (atm) Ratio (°K) (Hz/atm) *‘
Argon 1.00 Dry 291.9 178 - 3724 i
9.50 Dry 291.6 17.3 - 36
50.7 Dry 294.3 3.28- 73.2
98.8 Dry 294.3 1.73- 3.7
Air 9.84 1.31 x 1072 294.4 18.1 - 403
35.7 3.94x 1070 294.4 4.98 - 112
50.0 2.48x 1072 293.3 3.55- 79.6
78.5 1,69 x 1073 294.9 2.31- 51.4

For the remaining (volume) loss, the classical absorption loss would normally i
be subtracted out using the current and well-validated theoretical model defined in
Reference 5. However, for the experimental range of the tests in air in this study,
classical loss amounted to less than 0.1 percent of the total volume loss and was there-
fore neglected since this is within the measurement accuracy. The measured volume
loss was therefore attributed to molecular relaxation loss, primarily that of O, and
N,.

verified) variation in viscosity of the gases with pressure and temperature was used -

e f Throughout this data reduction analysis, the theoretical (and experimentally-

thus accounting for real gas effects at high pressure.7 A precise measure of the

WYLE LABORATORIES




speed of sound in the gas was also required for the analysis and this was evaluated by
a self-consistent iteration process outlined in Reference 1 which inherently accounts

for real gas and relaxation effects on the speed of sound.

The experimental results are presented in the form of the following computer
printout package. This consists of the computer program for data reduction (written
in TYMSHARE SUPERFORTRAN) (Table 2), and eight tables of computer printout for
the data obtained (Tables 3-10). The first four tables contain the calibration of the
tube in argon. The last four tables contain the data of the resonance tube conducted

with moist air in the resonance tube. A glossary of the terminology used in each data

table is given in Table 2a. For example, as defined in Table 2a, the columns labeled
EALPPW in Tables 7 to 10 are experimentally measured values of volume attenuation
(o)) in nepers per wavelength, and the columns labeled ALPPW contain the calculated

values of o)\ based on the procedures outlined in Reference 5.

The temperature of the system was determined with an accuracy of £0.2°C. by
direct measurement and by indirect calculation from the determination of the speed of

sound. The pressure was measured by a precision Bourdon pressure gauge accurate to

within +2 percent. The humidity was measured with a dew point hygrometer with a

range from =100°C to 60°C and an accuracy of +2°C. The frequency of the test signal

4 was determined to an accuracy of better than 0.1 percent by an electronic counter.
i 3. CONCLUSIONS
i.
Results of a limited experimental study of atmospheric absorption in moist air at
! low frequencies are reported. The measurements were carried out in a resonance absorp-
-

tion tube at ratios of frequency to pressure of 4.6 to 403 Hz/atm. This extends the
f/P range of laboratory measurements of absorption in air well below limits of previously

published data in air of about 140 Hz/atm. The experimental apparatus was cali-

brated, using argon, over the same f/P range. The measured and predicted absorption
in air and in argon generally agreed with existing theoretical models, although substantial

deviations remain to be explained.

WYLE LABORATORIES




O G T

The average difference between measured wall losses in the tube and theoretical
values for argon over all the data from 9.5 to 98.8 atm was -0.2 percent. However,
the standard deviation was about + 12 percent, reflecting a systematic trend of increasing
deviation between measured and predicted wall losses at high pressures and low fre-

' l quencies, as shown in Figure 2. Whether this anomalous behavior is due to a systematic
T

measurement error or an error in the theoretical model for wall losses, as defined in

References 2, 3, and 4, is not clear.

The measured values of absorption in air assumed that the theoretical wall losses
were correct. Based on this assumption, over 70 pércent of the measured data fall
within 15 percent of the predicted values for absorption in moist air. The data, at
78.5 atm, covering the lowest range of f/P, are plotted in Figure 3 in terms of attenu-
ation per wavelength (o)) versus £/P. The results show excellent agreement with the

theory in Reference 5 near the resonance absorption peak. Although there are substantial

T deviations of some of the individual measurements of absorption in air over all the con-
iz ditions tested, in general, the results tend to verify the validity of the prediction 1
I method in Reference 5 over a frequency range much lower than had been possible with

previously published data.
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GOPY AVAILABLE TO DDC DOES NOT
o1, PERMIT FULLY LEGIBLE PRODUCTION

Computer Program for Analysis of Resonance Absorption Data
(TYMSHARE SUPERFORTRAN)

C: THIS IS A DATA FEDUCTION COMPUTER PROGRAM FOR THE
EXPERINENT PERFORMED IN R SS CVLINDRICAL ACGUSTIC RESONATOR .
FRERL TEMP, PRESs HFMR, FMERAC23>, T60(235 «ETAGANA,DENG

REAL DENS ,VELS,DELTC(E3) sF (23> »VELG(R3) sD(23) ,DDC23)

KEAL DFRC232 sKFPC(23) sVELGUC(R23)D

FEAL ALPHACZ3) sALFHAPW(Z23) »ALPHADC22) +ALFHAOPW(23) +ALPHANCZ3)
RERL LAMDACZ3) hFELAXOCE3) sRELAXHCE3) sALPHANFW(23)

FEAL EARLFHACZ3 JERLFHAPWC23) s SRRFP (23D sMALPHAD » MALPHAN

C: TEMP IS THE TEMPEFATURE IN DEGREE KELVIN
C: FRES IS THE PRESZSURE IN ATH

C: HFMR IS THE HUMIDITY IN % MOLE RATI

C: FEMFA IS THE MERSURED FREQUENCY IN M2

C: 750 IS THE REVERDERATION TIME IN ZECONDS
C: ETRA IS THE VISCOSITY IM NT--SEC. ‘MM

C: GAMA IS THE SPECIFIC HEAY RATI

C: DENG IS THE DENSITY OF THE GAS IN KG. MMM
C: DENS IS THE DENSITY OF THE STRIMLESS STEEL IN KG- MMM
C: VELS IS THE ZOUND VELOCITY IN SZ IN M-SEC
C: DELT IS THE MERSURED RESONANCE HALFWIDTH

OFEMCE s "MFREQTE60" )

FPEADC2 JEND=7 03 CFMERCID »I=1,23)

REHD(E)(T60(X):I=1:23)

DISPLAY C(FRERACI) »T60CI) 1=1,23>

STRING S<(S0)

RCCEFPT "EXPERIMENT DECSCRIPTION:™,S .

ACCEFPT "TEMFERATURE ,DEGREE KELVIN=", TEMP

ACCEPY "PRECZSURE IN ATM=", PRES

ACCEPYT "VISCOSITY IN NV--SECHM=", ETA

ACCEFY "HUMIDITY IN X MOLE RATIO="s HPAR

RCCEPY "SPECIFIC HEAYT RPATIO=", GAMA

ACCEPY "DENSITY OF GAS IN KG-HAMM=", DENG

ACCEPT “DENSITY OF STEEL IN KG-MMM=", DENS

RCCEPT "SOUNMD VELOCITY IN 35 IN M-SEC="s VELS

ACCEFT "0 IS CALIBRATION AND 1 IS DATA IN RIR" K

ACCEFT "NUMBER OF EVENTS=", N

DO 20 I=1,N

DELTCI)=2.199-T60CI)

VELGUCIV)=Ce1 . 006FHERCI)."I

FCi2=FMERCI)D

YELG(1)=gel . 00eF (1)

A=39 .37 ZART(GAMA>+41 .37 ((GANA--1) . CAMA) ¢SART C(IeGHN
A--53.74)

DO 30 J=1,20

DCJI=1.VV3E--SeVELG(J>SSERT(ETRIS®SART(F(J)"PRES) oR

DD(J>=.563T7e(VELGCJ)ee2)eDENG. (VELS®DENS)

YELGCJ+10=Ce(F(J)+D(J)..24+DDCJ>."2).71

FCJ+i0=1eVELG(J+1) .2

M=J

IFCABSCVELG(A+1)--VELG(M))> .LT. .5E-2> GO 7O S0

J=H

CONTINUE
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COPY AVAILABLE TO DDC DOES NOT
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Table 2 (Continued)

YELGO I =VELGAM1 )
Foelo=Fepein
LANDRC I 0=WELGCIY - FOTn
DeIo=sl 7T ll--2eVELOCIDOZORTCETAISReZORTCFCIIPRES)
DD Iv= 270 dVELGCI ool e IENG. (VELSODEND)
DFFCY o= o LT CIn--CDCIN+DDCI» a0 NELTCI
EALFHAC I »=DFFCIDeDELTCI N3, 1415 VELGCI >
EALPHAPLICI »=ERLFHACI DoLAMDACI)D
EFPCI>=FCI»-FRES
ZERFPCID=20RTCRFPCIND
IFCK .HE . L2260 7O 20
FO=FREZe(Z4+4 .4 C46HFF MR . US+HPME).-( .391+HFMRI D)
MFACTOR=34+2S 06 HFMROEHP (-6 . 142 (TEMP./293)ee ,333--1))
FN=FREZeSORET (TEMF.-293)eNFRACTOR
TFACO=cc39. 1. TEIP
TFACN=2252.-TEMP
MALFPHAD=.037V6¢(TFRCOee2 ) ¢EXP (--TFACOD
MALPHAN= . {306 (TFACNeeZ Y oL X P (--TFRCN)
FELASDOCID=CoF (1) (FO®CI+(F(IDd"FO)ee2))
FELAGHCI ) =CoF I ) (FHOCL{+(FC(I . FHIoe22)
ALFHAOPWCC I »=MALFHADSRELAXOCI >
ALPHAMPWC DD =MALPHANSRELAENCID)
HLFHAOC I 2 =ALFHARGFUCI D LARTIARCID
ALPHANC I D=ALFHANPUCI ) .-LAMDACI)
ALFHACI D =ALPHAOCI ) +ALPHAMNC D)
ALPHAFWCID=RLPHARCIDSLAMDACI)D
CONT INUE
DISPLAY "
DISPLAY S
IFCK.EQ.12060 70O 65
ISPLAY""
DIZFLAY" F..P SRRFP FRAC DEVIATIONM UNCOR VEL
COR VEL"™
WRITECL s60) CRFPCID sSRRFPCID sDPRCID SyYELGUCID o VELGCID) s1=1sN>
FORMATC(SCELD0.3+302)
DISPLAYV""
GO 70 &7
DISPLAY""
ISPLAY" F-P RATI EALPHA ERLFPY RLFHA
RLPPW HLOPW HLMNFW"
WRITECL 466> (RFPCID yDPRCIN HEALPHACI) JERLPHAPWCID sALFHRCID »
ALPHAFWC D) sALPHAOPWCID sALPHANPWCID s I=1,23)
FORMAT(SES.3)
ISPLAY"”
GO 7O 0
CLOZE<¢S)
a7ap
END

Copy avdilable to DDC does not
permit fully legible reproduction
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Table 2a

Symbols and Abbreviations Used on Computer Printouts of Data

Abbreviation

HPMR
F

RATIO

EALPHA
EALPPW

ALPHA

ALPPW

ALOPW

ALNPW

SRRFP

FRACTION
DEVIATION

UNCOR VEL

COR VEL

Definition
Temperature, degrees Kelvin
Pressure, atm
Humidity, percent mole ratio

Frequency, Hertz

[ 1- surface attenuation (calculated) /total attenuation (measured) ]

Experimentally measured attenuation, Nepers/m
Experimentally measured attenuation, Nepers/wavelength

Calculated attenuation due to oxygen and nitrogen molecular
relaxation, nepers/m

Calculated attenuation per wavelength = (ALPHA) . (wave-
length)

Calculated attenuation per wavelength due to oxygen
relaxation

Calculated attenuation per wavelength due to nitrogen
relaxation

Square root of f/p, (Hz/c:l'm)]/2

Same as Ratio

Uncorrected speed of sound, m/sec

Corrected speed of sound, m/sec
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Table 3

Calibration Data in Dry Argon at 1 atm

T=21.9€, P=1atm
g Viscasity = 2.216 x 107> N ~sec/m?
Specific Heat Ratio = 1,664

3
Density = 1.67 kg/m

( Faop ZERFP FRAC DEVIATION UNCDR VEL COR VEL
i VRE+03 LAZIE+02 - JIGEE--01 L315E+03 .3i6E+03
2 T44E+03 L1CSE+02 - i45E+00 «SJIGE+03 «JIGE+03
LENTESOD .:;'E*U° . i40E+00 «315E+03 «3ITE+03
} LT OESND -~ i39E+00 .316E+03 «SiTEF02
e IESDT -~ i2GE+00 «31GE+03 «3iTVE+03
LIASEFDZ e i ] 2 s -~ .200E+00 .316E+03 «S313E+03
§ LALEESRDY LO40E+Q2 ~.181E+00 «315E+03 .318E+0Q3
i LIZE+D9 . E+02 LI8SE--018 L316E+03 L313E+03
ci4SE+FDSG .3OSE+02 ".::5E+UO LS1i6E+03 «SL19E+03
CindE+Dg LANSE+D2 -~ i42E+00 «316E+03 CS1T9E+0Z
LT0E A0S LACS4E+02 Lo 22E+D0 L3IGE+03 LS20E+03
CLEGESOY LA4ZE+02 - iB3E+00 «316E+03 L3C0E+03
LiZE+Ng AGlEX02 - AT SE+D0 . J16E+03 «32LIE+03
b+ 0d LATIEADS -~ .ciiE+00 .3 SE+03 «SCIE+03
LOoS94E+04 L434E+02 -~ .o4SE+00 SE+03 LICIE+QZ
B S SL10E+02 - J23SE+0Q0 .3165+03 «3ECE+03
oriE+0d LSCBE+OR - .oecE+00 LJ1GE+03 S22E+03
LOAZESDY T Y P - .C6SE+00 .316E+03 «3C3E+03
LONZE+NY LSSSE+02 ~o6CE+00 L316E+03 «SC3E+03
TIAE+ 04 LSV OE+02 - .283E+00 .316E+03 «323E+03
SHOE-OY LSSSE+O2 L oP0E+0QO0 «3i6E+03 «3Z4E+03
T SR LOITE+ QS - 289E+00 .315E+03 «3C4E+03
T cE+04 HI0E+02 =, eS53E+00 «316E+03 «324E+03

Copy avdilable to DDC does not
permit fully legible reproduction
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Table 4
Calibration Data in Dry Argon at 9.5 atm

T=21.6°K, P=9.50atm
Viscosity = 2,244 x 107 N By
Specific Heat Ratio = 1,642

Density = 15.9 |<g/m3

i e d e e e

FpP SEEFP FRAC DEVIATION UNCOR VEL COrR VEL

| LITIENE 41GE+ D] - .473E-01 .316E+03 L31TE+03
3 52 LI4CE+OE LSESE+ 0 -« iVBE--04 .316E+03 «31TVE+03
, ‘ SOTE+ 00 Ti4E+0% - 267E-02 .31SE+03 L31TE+03
, i LLTTE0Z LIOZE+ 03 . 195E--01 .316E+03 L31TE+03

L, B

DRty ) -+ ':lt:‘
SA0ZE+0Z

4 4 ")
1 1DES03

S21E+01

LA0IESDE

103E+02

.244E--01
.101E--01
.135E--01

«31GE+03
«316E+03
«.316E+03

«3iVE+03
«3IVE+02
«31VE+03

4 L LISE+03 LLLGE40D - 429E--01 .316E+03 .310E+03
E 1 - LISCE+03 LLOIE+02 - 142E-04 L31GE+03 .3LGE+03
L W i LLGTE+03 LLZOE+02 .213E-04 .316E+03 .313E+03
e S 1DTESOZ SAZ6E+D2 «391E--02 «316E+03 «318E+03
' . LSOCE+03 LL4ZE+N2 .344E--01 .3L1GE+03 LILBE+03
' LOLIE4NT LL4EE 0T - ES2E-02 .316E+03 3106403
L23GE+03 LISIE+02 .20SE--04 L3L6E+03 .31GE+03
A LOSIE+03 LASIE402 .1 09E-01 .316E+03 LILSE+03
LORIE+D2 LLG4E+02 .222E--04 J31TE+03 .319E+03
i LOERE+03 LLGIE+0Z .116E-04 L3L6E+03 L319E+03
i L 0SE+ 03 LATAE+ 02 .Z200E-0% L3LTE+03 L319E+03
: NE+ 07 LATIE+02 .534E--02 .31TE+03 .319E+03
& i SE+ 03 BT L 4IGE-02 L3iTE+03 .319E+03
; S IE+ 03 .1 .i73E--02 .31TE+03 .319E+03
<1 LITOE+03 o - 1S9E-01 .3iTE+03 .319E+03
N . IEGE+03 o5 - 11SE-01 .31TE+03 .319E+03
e
¥ - :
- ¥
i)
Pl
- Y .-
sS4 |
%+ {
99

Copy cvailable to DDC does not
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Table 5
Calibration Data in Dry Argon at 50.66 atm

T =294.3°K, P =50.7 atm
Viscosity = 2,319 x 1070 N- sec:/m2
Specific Heat Ratio = 1.555

Density = 85.2 I<g/m3

fv = = e - am B

F P

oy 08
<G IE O
or BDIE+DE
orScE+ 02

SERFP

SE+01
S310E+0L
LIIVE+OL
LOOnE+ UL

FERC DEVIATION

«i30E+00
i 05E+00
.84&E--01
«785E--01

UNCOR VEL

«322E+03
«322E+03
«321E+03
«321E+03

COR VEL

: - CICDE+0E LABLE+0L -~ 1SIE+00 «324E+03 .32LE+03
; : LASE+DL LOS4E+02 - 87 0E--03 32ZE+03 32LE+03
- w2 CIESE+0L .31LE+02 e J4SEE--03 LI2CE+03 L32CE+03
} o LAZDE+0D L3S2E+04 -~ 38VE-- 04 3STE+03 «3C2E+03

‘ AGOE+OZ SO0E+0L = JABIE--02 «2C2E+03 «322E+02

- LATISEF02 43CE+03 - JTTOE--02 C3OCE+03 J3CCE+02

‘ 2246402 ATIE+0L L439E--0¢ IECE+03 32ZE+03

b T LOSEE+02 LSOGE+01 213E--0 32CE+03 C322E+03

& L2O0E+02 LSIEE+D L2SCE--034 32CE+03 C32ZE+03

CILBE+02 SESE+0L 432E--04 LIZDE+03 .322E+03

- LISLE+02 SHIE+DE S32E--03 <322E+03 322E+03

CID2E02 LATE+08 .814E--0¢ «322E+03 322E+03

= LALISE+02 L44E+08 LSETE--04 L32CE+03 LO3SCE+03

e8 LSH4TE+DR LHOESE+08 LA0LE+00 L3C2E+03 .322C+03

4 LATDE+02 LHIZE+0L .TS2E--03 32C2E+03 «322E+03

.- LSLOE+02 TI4E+08 T12E-0¢ .3ZCE+03 J2ZE+03

LS4+ 02 TIGE+0L .31SE--02 .322E+03 32CE+02

? STHE+OS LTSTE+01 .343E--0 L32LE+03 322E+03

& OEE+DD TSE+0L LALEE+00 L322E+03 .322E+03

«Sc3E+03
«322E+03
.323E+02
.323E+03

Copy avdilable to DDC does not
permit fully legible reproduction
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Table 6
Calibration Data in Dry Argon ot 98.8 atm

T =294.3°K, P=98.8atm
Viscosity = 2,403 x 107 N - sec/m2

- Specific Heat Ratio = 1,555
o= Density = 171.1 |<g/m3
! L F.F ZEEFP  FRAC DEVIATION UNCOR VEL COR VEL
2 cdVE+OL «131E402 = 4S4E+00 «33CE+03 «33CE+03
T LOHLEDS «13SE+0L - .42 UE+00 .33CE+03 .33ZE+03
‘ i LOI0E+OL LLEHE+DD =~ 321E+00 «33ZE+03 «33EZE+02
} T HE+DL .2606+02 ".g-fE+00 «33ZE+03 e J3ZE+D3
. SodLE0L DiE+0L L2V 0E--D8 «IIZE+03 S 33ZE403
b | L OCEFDE .J;UE+U. - 483E+00 «332E+03 «33IZE+03
: 2 i L LiDE+OC LO44E+ 0L - «i350E+00 «332E+03 «332E+03
1 N .::JE+“L L ORSE+0L ~.4iVE+0O «O3CE+03 «33CE+03
«ASCE+O2 «SINE+0L - .100E+00 «332E+03 «33CE+03
s 1 ‘E+HL 411E+02 . r62E--01 «33CE+03 «332E+03
L TSE+DS A31E+01 "..J,E 01 «33CE+03 «33CE+03
LCHIE+DE LAS0E+0L C3FE+00 «33CE+03 «332E+03
i et AE+OE R ZE+DL =~ .S36E--014 «332E+03 ea33E+03
seabE+US LAInE+0L LSSGE--DL «332E+03 «333E+03
1 e DIEXI2 LSUZESDL - .352E--02 «33CE+03 «I33I3E+03
P} ;i e UE+ 0 LSCNEX 0L - .2i8E--0¢ «332E+03 «333E+03
= . LOTESDR .S3SE+01 - 420E--02 .332E+03 «333E+03
2% e SNZE+OE LS51E+02 «332E--014 «332E+03 «333E+03
4 . SCOE+OE SEGE+0L LHOLIE--04 «33CE+03 «333E+03
'%3_ . CO3TE+DS SSIE+08 «iSCE+00 . 33CE+03 «333E+03
; i cSYE+02 LSUSE+ 0L 235E--018 «332E+03 «333E+03
; e3v AEFD2 SOFE+0L «389E--018 .33CE+03 «333E+03
b L S3TE+DS LLHoZE+ 02 .1 08E--01 «332E+03 «333E+03
k]
‘.10
L

Copy available to DDC does not
permit fully legible reproduction
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¢

T = 294.4°K,
Viscosity = 1.838 x 10

Table 7

Experimental Data in Air at 9.84 atm

=5

Specific Heat Ratio = 1,392
Density of Air =11.8 |<g/m3

P =9.84 atm, Humidity = 1.31 x 10°2 % Mole Ratio
2
N - sec/m

F-P EATI ERLFHA ERLPPUY ALPHA ALPFY ALOFW ALMPY

LADIEF02 JDISE--0C LCOSE--04 1eE~04 .264E-03 .S28E-03 .332E-03 .195E-D3

3 SISTE+DZ .352E--01 JTGHE-03 .T86E--03 .VITVE--03 .V4TE--03 .6I4E--0U3 JI33E--03
S JI3ZE40Z JI4SE+00 .149E--02 .995SE--03 .133E--02 .923E--02 .8ECE--03 .3S0E--04
: LTOZE+0Z JI23E+400 JI14iE--02 JTOVE--03 .202E--02 .104E--02 .968E--03 .T323E--04
- LO83E402 J1CGSE+00 (2SSE--02 J10CE--02 .2VeE--02 111E--02 .10SE--02 .594E--04
A LAO0LE+0C JITOE+O0 L2G0E--02 JBEEE--03 .339E--02 J113E--02 J10ZE--02 .49%E--04
; % LAQ3E+03 JZZSE+00 J385E--02 L110E--02 .393E--02 JI11ZE--02 .108E--02 .4Z0E--04
; LA4IE+03 J2I3E+00 .3C4E--02 .959E--03 .439E--02 .110E-02 .106E--02 .OVIE--04
& LAS2E+03 JI9SE+00 JSTIE--02 .BE3E--03 .4VVE--02 .102E--02 .103E--02 .335E--04
SATEE+0DD (Z49E+00 .SZ2GE--02 L10SE--02 (SO09E--02 .102E--02 .999E--03 .3S03E--04

LADIEH0S JIDSE+00 LHUOLE--0Z JTEDE--0Z JS3IVE--02 J9VEE--03 J945E--03 .2VEE--04

.C11E+04 LOLIE+D0 L4B3E--02 JTV2E--023 JSS9E--02 J93ZE-03 JP0VE--03 LE2STE--04

Q2PE+03 QI11E+00 .4832E--02 .T41E--03 .S7VSE--02 .830E--03 .866E--03 .234E--04

.E46E+03 .Ci10E+00 .495E--02 .VOVE--03 .S94E--02 .849E--03 .828E--03 .218E--04

LZO4E+03 L2ISE+00 JSSTE--02 JTI9E--03 L6U03E--02 JBLIE--03 .VILIE--03 .20CE--04

LOBIE402 LISSE+00 L454E--02 JS6TE--03 .620E--02 .7VSE-03 .VS6E--03 .191E--04

L2FIE403 ZITVE+00 .S6BE--02 .668E--03 .630E--02 .V41E--03 .VE3E--03 .1V9E--04

L3IEE+03 .2ICE+00 .SEVE--02 .630DE--03 .639E--02 TI0E--03 .693E--03 .iVO0E--04

«333E+03 .Z10E+00 .STSE--02 .609E--03 .646E--02 .630E--03 .6L4E--03 161E--04

L351E402 L19SE+00 .S3IBE--02 .S3BE--03 .653E--02 .653E--03 .638E--03 .153E--04

LI6SE+03 J1DTE+O00 JSS2E--02 JS3I1E--03 (BS9E--02 .62BE--03 .613E--03 .I145E--04

L3S6E+ 03 JIDSE+00 .S6H4E--02 13E--03 .664E--02 .604E--03 .S90E--03 .139E--04

.i83E+00 .S33E--0¢ .464E--03 .H69E--02 .S8IE--03 .568E--03 .133E--04

.4 03E+03
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F-P
APLEF DL -
JROGE+UL

AQTE+OZ
CLORE+02
LL45E+02
LAE+OS
LO42E+02
«SILEXOE
L439E+ 08
LAS2E+0C
LO3nE+0C
LOSCE+OC
LH34E+02
‘.* o g["' OL
T I3lE+DC
v 2E+02
LOCBE+02
LOTHE+ O
LACSE+OS
LIVIE+OC
L 0ZE+03
s 0TE+03
LALCE+03

T = 294,4°K,

Table 8

Experimental Data in Air at 35.7 atm

Viscosity = 1,881 x 10
Specific Heat Ratio = 1,37
Density of Air = 43,2 kg/m3

FRTI

AEOE-GL-

ers7TE--02
CASBE+00
LCOGE+0C

.CVEE+00
SOZE+00Q
L33TE+0O0
LO62E+00
.330E+00
LOE9E+00
LAL1IE+0O
ACSE+DD
L4OCE+00
AI0E+00
LA430E+00
A44E+00
L34ZE+00
433E+00
ASIE+00
«434E+00
L423E+00
LASZE+0D
«3444E+00

ERLFHA

LiS1E-03-

. 336E--03
LS3TE--03
.iB1E--02
LO49E-- (02
.30SE--02
.3B3E--02
LA56E--02
LSIVE--OC
.S69E--02
LHSEE--02
-t aA.E UL
ol 3;[ Ui.

.983E-02
942E-- 02
LITBE-02
LITEE- 02
.10SE-01

P=235.7 atm,
=5

EALPFW
.301E--03
e 336E--03
LIAIE--03
LI06E--03
L998E--03
.1 02E--02
.1 09E--02
1145"02

b
n
O
v o

E“OL
0>
JE--02

02

R
o]
D F

L] L] - . L] L] L] . L] L] .
e bA P pa e pe b ps pa b
oterut363ﬁ
m :
.
o

oopooy..-pgp...

L932E--03
.889E--03
«909E--03

15

Humidity = 3.94
N - sec/m2

ALFHFA
«194E--03
«634E--03
i120E--02
.185E--02
L256E--02
.3EVE--02
< 39VE--02
-464E--02
.SE5E--02
«381E--02
L632E--02
L67BE--02
TATVE--02
VS3E--02
. 85E--02
L313E--02
.838E--02
«360E--02
.880E--0&
L39BE--02
«213E--02
.928E--02
«941E--02

x 10-3 % Mole Ratio

ALFFL
. 38VE--03
L634E--03
LB01E--03
9EVE--02
.102E--02
109E--02
A 14E-- 0”
6E--02
vE--0e
GE--02
Se--02
SE--02

QE--02

b b ba pa pa pa

«A56E--03
«926E--03
L898E--03
.3V0E--03
.843E--03
«818E--03

ALOPW
LCO3E--03
«4cSE--03
HO09E--02
s &0E--03
LB8T9E--03
«ICSE--03
.1 02E--02
<2 0B6E--02
.108E--0c
.108E--02
i0VE--02
.1 06E--02
<1 04E--02
.102E--02
«99L1E--02
«354E--03
L9A3VE--03
«309E--03
.88CE--03
.856E--03
.330E--03
.80SE--03
."8IE--03
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azZE-
.
-

D ore Fa b Oy

W) b ba ba pa pe [

eannie

Crve pa N b

©
D

S I -
DS e

. 34E--
L683E--
LHIEE--
« 292k
o P IRE =
IRTT2
+492E--
L465SE--
.241E--
.42 0E--
.400E--
.38CE--
«S66E--

04

04
04
04
04
04
04

- 04

04
04
04
04
(L
04
04




I
M|
1
3
b

F. P

LZ3LIE+0L -

,4,_|} E+03

SHOIE+DL
L202E+01
<1 13Es02
L 2BE+OC
. L\JE[+0L.
L181E+OC
c02E+CQ2
L225E+02
LO9BE+02
LT DE+OZ
LEZEFO2
L3I5Ex Q2
«I337E+QC
J3SFE+02
ez I 1 P
LS04E+02
AloE+r 02
LS43E+ 02
L470E+ D2
LA92E+02
.S514E+ 02

T = 293.3°K,

Table 9

Experimental Data in Air at 50.0 atm

Viscosity = 1,905 x 10-5 N - sec/m2
Specific Heat Ratio = 1.36
Density of Air = 60.7 kg/m3

ERATI

«147EF QG-

.C3UE--01
LITHE--DL

LC04E+00
«SvO0E+DQ
.t A4E+‘J|)
-S4SE+00
LS3ITE+00
ACTE+QD
LAS0E+00
LATGE+OD
«S399E+00
LSIZES00
LS1SE+00

LS1PE+Q0
-Jgtc+00
LS33E+00

="3!:+00
._~UE+UU
LS29E+00
LS45E+00

.S08E+00

EALPHA

- AETE-- 03

. IALE--04
4" E"Du
«120E--02
SI2iE--02
LZO6VE--O2
LSE2GE--02
LHZSE--02
LS0SE--02
.S81E--02
&7 0E--0C
T S9E--02
LS2BE--02
- SSGE--02
L PONE--0C
.9505"02

)
e
(&
rv
D

EALFPY
cOSnE--03

946E~04
- .Ou OE" 03
648E--03
L29E--02
.S823E--03
.330E--02
.1 0VE--02

SE--02
b["Ug
L-E" UL
26E--02
vE--02
E--02
E--02
E--02
E--02
S9E--02
SE--0¢
E--02
"E--02
E--0Q

s s e
-
[

$S BE ps Bs o A pa P ps po ps ps papay
COCOrrerare ra I PJ re

’7‘
6
J

U\C’.\\.'."C:-N

(5]

va =0 =1 N

ALPHA
«185E--G3
A5 0E--03
SISDE--03
. A .h.["O(.
2i6E--02
.E8SE--02
.35VE--02
L431E--02
.S04E--02
LSVVE--02
.H43E--08
.viSE--02
. T SOE--0C
.B41E--02
.899E--02
L952E--02
.100E--01

16

ALPPU
oSOE--03
450E--03
G2GE--03
T S2E--03
.O63E--03
-9 0["UJ

. " . L
P Fe Be Ba BA Pe Be ba ba s s bl po pa b

O O repa pa b pe ba TITI PRI pe po pa

P=150.0 atm, Humidity = 2.48 «x 10-3 % Mole Ratio

ALaru
s RFE-03
S DIE-03
L4¢4E--03
. S4CE--03
LHIS9E--032
T DGE--03
.84 0E--03
LA0DE--03
< IGTE--03
«101E--C2
.3 04E--02
.1 0VE--02
- ‘A ..-E'- OL
wa UUE-Uc
.1 09E--02
.1 09E--02
« 3 09E--02
.1 08E--02
« i 06E--02
« 1 0SE--OC
.1 04E--0C
«102E--02
.100E--02
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ALNPY
«20LE--03
 hEDE--03
.c0ZE--03
.Ci10E--02
.c04E--03
o s 33E-03
«AS0E--03
« s63E--D3

TTEE-04
T44E--04
T14E-04




Table 10

il Experimental Data in Air at 78.5 atm
i T =294.9°K, P=78.5 atm, Humidity = 1.69 x 10_3 % Mole Ratio
, ) Viscosity = 1,981 x 107> N - sec/m2
i Specific Heat Ratio = 1,34
; = Density of Air =95.0 kg/m3
2 | TSt FATI EALPHA EALPFY ALPHA ALPPW ALOPW ALNFW
' i «3OSE+08-- SL0E-05-.S0LE--05-.363E-02 .165E-03 .329E--03 ,193E--03 .i36E--0G3
“'/ LTOLE4DL LI4UE+00 LBGU0E--03 LGBO0E--0U3 .S65E--03 JSBSE--03 JSV3E--03 JI9ZE--03
LAO0SE+02 LZSCE+00 JI43E--02 L9S51E--03 L110E--02 JT3I0E--03 JS3GE--03 L19GE--03
’ LAGO0E+02 J333E+00 (2S4E--02 L IZTE--D2 JiTZE--02 .SS9E--03 JGTVBE--03 JISIE--03
‘ = LATYE+0S JITEE+00 L3SIE--02 J140E--02 .239E--02 .95TE--03 .7V94E--03 .162E--03
% L09E+02 .3TVE+00 .38iE--02 .12VE--02 .309E--02 .103E--02 .88VE--03 .144E--03
O44E+02 L40SE+00 L4K4E--02 JI33E--02 .3S0E--02 .109E--02 .956E--03 .129E--03
P - LLTSEXNE JA3ZE+00 JS4SE--02 JI1SHE-02 J4490E--02 .1iCE-02 J100E--02 J116E--03
SSI3E+0C .440E+00 ,S90E--02 L131E--02 .Si4E--02 .114E--02 .104E--02 .106E--03
L34TE+0C (4STE+D0 .660E--0Z2 .132E--02 .SVSE--02 .11SE--02 .10SE--02 .9:SE--04
I i L38CE+02 J4GLIE+00 TOZE--02 JiZCE--02 .631E--02 L11SE--02 J106E--02 .E3VE--04
LALEE+0E J49TE+00 .S42E--02 .141E--02 .683E--02 .1:14E--02 .106E--OC .SCliE--04
l 1 ASLIE+02 .473E+00 .7I93E--02 .i22E--02 .7V30E-02 .i1i2E-02 .10SE--02 .763E--04
By i LASRE+ 08 L4T4E+00 LS2ZE--02 L1i8E--02 JTVRE--02 .110E--02 .103E--02 .VIZE--D4
| S LSCOE+DE L4VSE+00 LSSZE--02 L1i4E--02 .S10E--02 .108E--02 J101E--02 .66ZE--04
® { . .5555%02 LATIE+00 JGTIE--02 J109E--02 .245E--02 106E--02 .992E--03 .ccfE--04
Ed ' SSOE+0C JATTE+400 .90IE--02 Li107E--02 .8VSE--02 .103E--02 .9VIE--03 .394E--04
58 % .b;&E+0g LATSE+00 .934E--02 .104E--02 .903E--02 .100E--02 .948E--03 .562E--04
‘;” L LSTE+0E JATSE+00 JF61E--02 J101E--02 L92BE--02 J9TTVE--03 .924E--03 .534E--04
g&ﬁ‘ | LHIZE+0Z L4TO0E+00 9SLE--02 .9SIE--03 .2S51E--02 .9SIE-03 .900E--03 .5S03E--04
- -~ LSCTE402 L4TSE+00 .992E--02 .945E--03 .9VIE--0C .925E--03 .SVVE--03 .485E--04
oo LSELE+0C J4GTE+00 .930E--02 .8PL1E--03 .990E--02 .900E--03 .8S4E--03 .463E--04
€ _ TOEEHOD L462E+00 .DB0E--02 .85CE-03 LL0LiE--01 .STEE--03 .S31E-03 .444E--04
Tl I
v 4
L% I
l 1
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.- 2 10 100 1000
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1 Figure 2. Difference Between Measured and Calculated Wall
for Calibration of Resonance Tube with Argon
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Q
®
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f :
g } : g Theory
" k3 (Reference 5)
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<
h : ’(g ]0-4 | o - Measured Values .
i3 78.5 atm
o 294.9°K .
1.69 x 10" Y% Mole Ratio
1?5' 1070 IR b At R e TR |
{] 2 10 100 400
f/P, Hz/atm

Figure 3. Absorption per Wavelength in Air at 78.5 atm
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APPENDIX A
PRESSURE SCALING IN ACOUSTIC ABSORPTION OF GASES

- INTRODUCTION
Various competing acoustic absorption mechanisms in the gas contained in an

‘ acoustic resonator are considered in order to illustrate the frequency/pressure region

in which the volumetric absorption is optimized. A general method for scaling tables

of absorption loss at one atmospheric pressure to any other pressure is also defined.

These concepts were applied to this investigation for examination of energy absorption

1
at low frequencies.

LIST OF SYMBOLS

f Frequency, Hz
f. Molecular relaxation frequency, Hz
h Absolute humidity, % mole ratio
hr Relative humidity, %
‘ P Pressure, atm
E PSW Saturated water vapor pressure, atm
»
d 1| Temperature, ° Kelvin
| z Characteristic impedance of gas (z_ = c_), MKS rayls
ko 5 pe gas (2 = pg .)r y
. Hogr Oep Oy O Absorption constants due to classical and rotational processes,
g | i (R it P
= N direct mechanical radiation, molecular vibrational relaxation,
. i and boundary layer interactions, respectively, N m=1
L

PRESSURE SCALING CONCEPTS IN MEASUREMENT AND ANALYSIS

It is well-established that the effective frequency of an experimental measure-

ment of sound absorption in any gas can be stated in terms of frequency per atmosphere

or f/P (Hz/atm). This is due to the fact that the times of characteristic action
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associated with the energy loss processes involved are inversely proportional to the ambient
pressure. This can be seen clearly, for example, in the case of energy loss by molecular
collision by observing that when the gas density is increased, the rate of collision will
be increased proportionally, This results in a shorter length of time for the associated
energy loss process to be complefed.2'3 The application of this f/P concept to an
acoustic resonance opparatus is essential, For instance, f and P can be varied, separately
or simultaneously, to cover such an f/P region within which the volumetric absorption
will be enhanced and other absorption mechanisms suppressed. For measuring very low frequency
moieculor reloxation processes, a measurement can be taken first in ff\e high pressure
region giving optimum molecular absorption under oll the experimental parameters
considered, then the result converted to the ambient pressure by dividing the absorption
value and the frequency by the pressure P. The concept can also be used to convert
any tabular values of air absorption at 1 atmosphere to values for any other non-sea-level
pressure (P) by simply finding the absorption at the same f/P value and multiplying the
absorption magnitude at 1 atmosphere by the pressure P(atm). This concept is fully
developed in the rest of this letter,

There are four mechanisms which cause the acoustic energy loss in a gas

contained in a resonance apparatus.

e Thermal and viscous boundary layer losses at the gas/resonance chamber interface.
* Loss due to improved acoustic impedance match between the gas and the wall

at high pressures.

A-2 WYLE LABORATORIES




*Molecular vibrational relaxation loss; and

eClassical and rotational relaxation losses

A, Boundary Layer Losses

It can be shown that, in the audio frequency range, the sound absorption
constant due to the interaction between the gas and the wall in the boundary

layer of a resonance apparatus, a, s can be expressed as:
2
o, = ¢, o/n" )

where Cs is o temperature-dependent coefficient. In a resonance apparatus, o
often dominates the total energy loss at low pressures. However, it is obvious that the loss

due to this process can be reduced by using small f/P values.

B. Direct Mechanical Radiation Losses (for high pressures) Through the Wall

of the Resonance Apparatus

When pressure is increased inside the chamber, the characteristic impe-
dance (zg = Pq cg) of the gos is also increased. This results in a more efficient
acoustic impedance coupling between the gas and the resonator wall and, therefore,
the mechanical radiation of the wall caused by the acoustic energy confined in

the cavity is enhanced. It can be shown that the absorption constant due to this

A-3
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mechanism when the acoustic impedance of the wall is much larger than that of the

gos, is (neglecting any structural resonances of the tube):

~C (2)

where C is the proportionality coefficient. o, provides a small, yet significant,

correction to the data obtained from the resonance device. Since z, is proportional

to the gas density, o increases linearly with pressure for an ideal gos.

C. Molecular Vibrational Relaxation Loss

When considering a simple two-component parallel relaxing model for

air, for example, the sound absorption constant , due to molecular vibrational

relaxation loss, can be expressed as the sum of two terms:

©)

where each has the form

(A%
=1,2

a . = CHf , 1=
m,i i ""(f/f;)?

and Cl and C2 are proportionality coefficients which depend only on tempera-

ture for a given gas, and fl and f2 are the molecular relaxation frequencies of

the two goses, say oxygen and nitrogen.
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As suggested above, both f  and f2 are directly proportional

1

to the atmospheric pressure for a constant temperature, and can be written:

f. or f

y or fp = PFy(h)

e e e e m O R

where F](h) is a function of the absolute humidity h in percent mole ratio.

] Z T This is given by:
f L
B

Pty : h=FP +h/P )
\ .

where Psw is the saturcted water vapor pressure at o specified temperaoture and
hr is the relative humidity in percent,

Several basic conclusions relative to pressure scaling of absorption measure-

b 4 ' ments can be drawn from Eqs. 3 ond 4,

¢ At constant temperature, Psw is constant., This implies that, if the
ratio hr/P is maintained constant, then, from Eq. 4, the absolute

‘ humidity h is constant,

eWhen h is constont, fl ond f2 con be written os C] P aond Cé P
respectively, where C; and C2' are new coefficients for a given

temperaoture,
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+ The molecular relaxation loss terms in Eq. 3 can be expressed as:

:
‘ i
| % ; 1
C/P) C /P ]
o = Plc.c : C,C 5
- o [ ol c2]+ any’ 2 c22+ (t/p) " |

P'F2 (f/P,h,T)

where Fz(f/P,h,T) is a complicated function of the ratio f/P, h and
temperature, T. For either gas component at constant frequency, absolute
humidity ond temperature, the molecular absorption constant would vary with

1

2 =~
pressure os P(P” + constant) .,

— e P —

e Thus, for the same h and temperature, but for two different values of f

and P, then if f]/Pl = fz/P2 , then

[

an/P) = (/P o, (Fy/Py) ©)

It should be noted that for multiple relaxation processes in air, Eq. 6 is

™
L
2 e -
P D T T v ST AR ———e

o1 still true.”’" Therefore, low frequency molecular vibration absorption measurements
lﬁ . . . . .
ke can be obtained by performing an experiment with both frequency and pressure being
i ;; i scaled in such a way that f/P = constant providing the percent mole ratio h is

o
; . ‘( . - . . . . .
i - also maintained the same, or in other words, the relative humidity hr is properly
.
b %4 ‘
By o scaled also so that the ratio h/P = constant, However, attention must always

be given to the fact that hr has an upper limit of 100, In the case of 1 Hz/1 otm =

I 100 Hz/100 atm, for example, if h/P is to be maintained constant, the relative

humidity must be less than 1 percent at 1 atm,
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| D. Classical and Rotational Losses

Classical and rotational losses can be combined for frequencies in the audio

range and expressed (ignoring without loss of generality, second order effects of

humidity) as:

oy = CP (/P = P-Fy(i/p,T) )

where C3 is a ce=fficient depending only on the temperature and Fs(f/P, T)iso

function of temperature and f/P. At constant temperature, a increases linearly

with P for a constant f/P , identical to the pressure scaling of a . Thus, for a

“ constant temperature and absolute humidity, the total bulk absorption in the gas can

be scaled for two different pressures Pl ond P2 by the equation, where f]/P] =

f2/P2 :

| = BEZL o ®)
P Py Py 2

P

CONCLUSION

It is always desirable and sometimes mandatory to reduce the boundary leyer
loss in a resonance apparatus to its minimum, According to Eq. 1, the lowest attain-

able (f/P) value in a resonance apparatus could be obtained ot the highest achievable

pressure and lowest available frequency, i.e., the fundomental resononce of the
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opparatus, Maintaining f/P, h, and T constant, the high pressure will at

the same time enhance the energy loss due to molecular relaxation processes,
according to Eq. 5, further increasing the relative importance of o plus

a with respect to a - The correction due to mechanical radiation a; con
be applied to the difference between the total loss and that due to boundary
layer resulting in a net loss due to molecular relaxation and classical absorption
processes in a gas, As an example, these general trends in the magnitudes of
the boundary and bulk losses in a resonance apparatus as a function of pressure
are indicated in Figure 1 for an oxygengasat T = 20°C, f = 3500 Hz and

< s -2 , .
an absolute humidity of 10 ~ percent mole ratio. The resonance tube considered

et

has a radius of .025 m and a length of 1.0 m. The lines are all terminated ot

230 otm for this case since the relative humidity would exceed 100% at higher
pressures. The classical and rotational losses are several orders of magnitude lower
than those due to the other three mechanisms in this example, It is clear that
within the available experimental pressure region, the absorption originating

from any one of these three mechanisms can be dominant, The operating pressure

region yielding optimum molecular absorption is shown in Figure 1 as lying between
30 to 200 atm for the particular example. The actual position of these trend lines
depends, of course, on the geometry of the apparatus, on the gas used, on the fre-
quency, on the moisture content, and on the gas temperature. An "optimum"

range for measurement of bulk losses is suggested, however, by the shaded area. This
optimization approach was utilized in this laboratory measurement of absorption in air

and argon.
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Figure 1. Trends in Surface (o ), Impedance (o,) and Volumetric Absorption
s i

Constants (am and acl) as a Function of Pressure in a Cylindrical Acoustic

Resonance Apparatus for an Oxygen Gas Assuming a Constant Frequency,
Temperature and Absolute Humidity. The Optimum Region for Volumetric
Absorption Measurements is Suggested by the Shaded Area. The Resonance

Tube Considered in this Example has a Radiys of .025 m and a Length of
1.0 m. f=23500Hz, T =20°C and h = 10~2 Percent Water Mole Ratio.
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1
f : I In conclusion, it is important to note that the acoustic resonance apparatus
f
; has its moximum usage only at low f/P values, if the molecuiar relaxation loss is F
; I‘ the quantity to be measured. However, other thermodynamically important parameters, § |
; ' I such os the coefficient of viscosity, the ratio of specific heats, the coefficient of i ';
, 4
thermal conductivity, etc., can be meosured at high f/P values. For measuring ;

very low frequency molecular relaxation processes, a measurement can be taken

first in the low f/P region of the resonance apparatus, then the result converted to
- the ambient pressure and equivalent frequency by dividing the absorption value and
the frequency by the pressure P. Furthermore, Eq. 8 can be used to convert ony ;
tabular values of air absorption at 1 atmosphere to values for any other non-sea-

level pressure (P) by simply finding the absorption ot the some f/P volue and multi-

.o

plying the absorption magnitude at 1 atmosphere by the pressure P(atm). These
pressure scaling relationships are strictly valid only when the gas can be considered
ideal (i.e., below about 2 atmospheres). However, the general trend in boundary

and bulk losses versus pressure in a resonance tube apparatus will still apply.
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